Introduction
According to the definition suggested by Gibson and Roberfroid [15] , prebiotic was initially defined as "a non-digestible food ingredient that beneficially affects the host by selectively stimulating the growth and/or activity of one or a limited number of bacteria in the colon, and thus improves host health." However, the new definition by Gibson et al. [14] describes a prebiotic as "a selectively fermented ingredient that allows specific changes, both in the composition and/or activity in the gastrointestinal microbiota that confers benefits upon host wellbeing and health." Gibson et al. [14] suggested that to classify a food or feed component as a prebiotic it must meet the following criteria: (1) resistance to gastric acidity, hydrolysis by mammalian enzymes and gastrointestinal absorption, (2) being fermentable by the specific intestinal microflora and (3) being able to selectively stimulate the growth and/or activity of intestinal bacteria associated with health and well-being of the host. As a functional food component, prebiotics, like probiotics, are conceptually intermediate between foods and drugs, and they are mainly oligosaccharide (OSC) carbohydrates, such as fructooligosaccharides (FOS), galactooligosaccharides (GOS), xylooligosaccharides (XOS) and mannooligosaccharides (MOS).
Prebiotics have several beneficial effects on animals and humans. As it is given in Table 1 , one of the main beneficial effects of prebiotic is stimulation of immune system. There is an increasing interest in modulation of the immune system using prebiotics in both human and animals [1, 25, 26, 32, 34, 47] regardless this effect is direct, or indirect resulted from stimulation of immunomodulatory bacteria and production of microbial compounds, such as short-chain fatty acids (SCFAs). Such microbial compounds are known to affect immune system by binding to the G-protein-coupled receptors of immune cells within gut-associated lymphoid tissues (GALT) [4] . Although there are some reviews on the effects of prebiotics on the immune function, the aim of the present work is to summarize the finding of available researches that investigated the effect of prebiotics on immune system, by focusing on cytokines expression.
Intestinal microbiota and immunity
The microbiota of the gastrointestinal tract (GIT) inhabits a complex ecosystem [48] and health of this ecosystem is very important for animal and human health. Having a healthy gut is achieved by increasing colonization of beneficial microbes and reducing populations of pathogenic ones in the intestine [42] . To emphasize the important effects of gut microbiota on the immune system, germfree mice can provide the best evidences, as these mice have deficiency in the development of their GALT. These mice may have decreased intraepithelial lymphocytes, Peyer's patches (PP) with impaired germinal center development, and also less IgA-secreting plasma cells as well as fewer CD4+ T cells in their lamina propria [3, 31, 50] . Exposing to different microbial species can restart GALT development in germfree animals, which is another evidence for the fact that gut microorganisms have an important role in the development of immune function [38] .
Direct and indirect effects of prebiotics on the immune system
Considering the major role of gut microbiota in the immune system of the host, it has been reported that enhancement of the immune function in prebiotic-treated hosts is mainly due to enhancement of the population of beneficial bacteria and their products in the gut, which is considered as indirect effects of prebiotics on the immune system. However, effects of prebiotics on the immune function may be direct, indirect or both.
In the case of indirect effects, many studies showed that prebiotics are able to change the balance of intestinal microbial population toward increasing the population of beneficial and protective bacteria, such as bifidobacteria and lactobacilli, while reducing the disease-inducing or pathogenic bacteria, in both animal models and human studies [9, 25, 28, 44] . For example, OSCs are able to block the adhesion of pathogens to the epithelial cells. Even before introducing OSCs as prebiotic by Gibson and Roberfroid [15] , some studies investigated the ability of mannose, monomer of MOS, for inhibition of Salmonella infections. They found that Salmonella can bind to mannose via type 1 fimbriae (finger-like projections), so mannose reduced the pathogen colonization in the GIT [37] .
The increase in population of beneficial microbes in the GIT, which is due to the supplementation of probiotics and/ or prebiotics [22, 23] , leads to express their positive effects on the function of immune system mainly through inducing changes in the expression of cytokines, especially in the intestinal cells. It may be due to the microbial cells themselves or their products. It has been reported that absorbed SCFAs from the intestine can affect the expression of genes responsible for cytokine production in the tissue of destination. For example, butyrate significantly inhibits the production of proinflammatory cytokines interferon (IFN)-γ and interleukin (IL)-2 in rat mesenteric lymph nodes (MLNs), so that the ratio of IFN-γ to IL-10 measured in MLNs was reduced in the presence of butyrate [28] . Some cell culture studies also showed that butyrate inhibits production of proinflammatory IL-2 and IFN-γ, while acetate and propionate increase the production of anti-inflammatory cytokine IL-10 [6] . Microbial cells themselves are also able to directly change the expression of cytokines through the pattern recognition receptors, such as the toll-like receptors, and also through the interactions of enterocytes and immune cells with pathogen-associated molecular patterns, like lipopolysaccharides (LPS, which is a membrane compound in Gram-negative bacteria), and lipoteichoic acids and unmethylated CpG DNA, which are present on the surface of all microorganisms regardless of pathogenicity. These interactions lead to a range of chain events causing cytokine production toward expressing an appropriate immune response [33, 46] .
In the case of direct effects of prebiotics on the immune system, Roller et al. [40] , Ito et al. [21] and Seifert and Watzl [41] suggested that some prebiotic OSCs can be directly absorbed in the intestinal cells and change the expression of genes. Ito et al. [21] measured the effect of OSCs with different degree of polymerization (DP) on cytokine production in CD4+ T cells. Based on the role of lactic acid bacteria (LAB) in development of intestinal immune system, their hypothesis was that all of the treatments containing prebiotics with different DP (DP4, DP8 and DP16) that can increase the number of lactobacilli in the cecum are able to increase the production of cytokines, such as IFN-γ and IL-10. However, the enhancement of cytokine production by CD4+ T cells was seen only in rats received DP4 treatment and not in those received DP8 or DP16 treatments, indicating this possibility that prebiotics with a lower DP may be absorbed intactly through the intestine, and the cells in GLAT are capable of recognizing them, as discussed by Seifert and Watzl [41] . A study on mice also showed that feeding FOS (DP4) increased the production of IFN-γ and IL-10 in CD4+ T cells which were derived from PP when stimulated by a sonicated bifidus component [45] . Moreover, PP lymphocytes of rats receiving oligofructose (fructans with DP2 to 8)-enriched inulin showed an enhancement in the production of IL-10 and IFN-γ under concanavalin A stimulation [40] .
In vitro studies using cell lines also confirmed the direct effects of prebiotics on the immune function and expression of cytokines [1, 2] .
Cytokines
The term "cytokine" is originated from the two Greek words: "cyto" meaning cell and "kinos" meaning movement. Cytokines are a large, diverse family of small cell signaling molecules of peptide, protein or glycoprotein with molecular weight smaller than 30 kDa. Although the main function of these molecules is immunomodulatory capabilities, they are also involved in cell differentiation and directed migrations. Main producers of cytokines are helper T (Th) cells, macrophages, B lymphocytes and mast cells which are directly involved in the immune system. They can also be produced by endothelial fibroblast and stromal cells [27, 49] . They are involved in cell-to-cell communication in immune responses and stimulating the movement of cells toward sites of inflammation, infection and trauma [50] . Cytokines may act on the cells that secreted them (autocrine action), on nearby cells (paracrine action) or in some instances on distant cells (endocrine action) [50] . There are many different cytokines with different vital roles in the body of humans and animals. Cytokines act along with specific cytokine inhibitors and soluble cytokine receptors to express the appropriate immune response. Physiologically, they have an important role in inflammation and systemic inflammatory states. Based on the promoting or suppressing effects of cytokines on the immune system, they are divided into proinflammatory and antiinflammatory cytokines, respectively [7] .
Proinflammatory cytokines are involved in the up-regulation of inflammatory reactions [50] . Interleukin-1α and IL-1β are proinflammatory cytokines that participate in the regulation of immune responses, inflammatory reactions and hematopoiesis [43] . The IL-1 ligands and receptors are primarily associated with acute and chronic inflammation, and their effects are more intense than other cytokines [11] . Tumor necrosis factor (TNF)-α is another proinflammatory cytokine that is able to induce inflammation and to inhibit tumorigenesis.
The anti-inflammatory cytokines are a series of immunoregulatory molecules that control the proinflammatory cytokine responses. Major anti-inflammatory cytokines include IL-1 receptor antagonist, IL-4, IL-10, IL-11 and IL-13. The IL-10 can be considered the most important anti-inflammatory cytokine with the ability of down-regulation of proinflammatory cytokines and their receptors.
Leukemia inhibitory factor (LIF), interferon (IFN)-α, IL-6 and transforming growth factor (TGF)-β can be either anti-inflammatory or proinflammatory cytokines in different circumstances.
Among different kinds of cytokines, interleukins, interferons, chemokines and tumor necrosis factor have been more investigated and documented in terms of their expressions and biological functions by prebiotic supplementations. In the following sections, after a brief introduction on these cytokines, the effects of prebiotics on their expressions are discussed.
Interleukins
Interleukins are main member of cytokines, which have variety of actions depending on the interleukins themselves and their target cells. They promote the development and differentiation of T and B lymphocytes and hematopoietic cells. The list of ILs that are important during the supplementation of prebiotics is presented in Table 2 .
Interferons
Interferons are a group of cytokines that involve in antiviral protections. They are made and released in response to pathogens, especially viruses. Interferons released from a pathogens-infected cell, especially a virus-infected cell, causing nearby cells to extend their anti-viral defences. Natural killer (NK) cells and macrophages are activated by interferons, and the host defences are enhanced also by interferons through up-regulation of antigen presentation, which in turn is the result of increasing the expression of major histocompatibility complex antigens.
Chemokines
Chemokine are cytokines that induce directed chemotaxis in nearby responsive cells, causing direct cell migration, adhesion and activation. For example, they cause migration of white blood cells from the blood stream across the vascular endothelium [10] . Important chemokine members are monocyte chemoattractant protein-1 (MCP-1), intercellular adhesion molecule-1 (ICAM-1) and cytokineinduced neutrophil chemoattractant-1 (CINC-1), which are expressed in response to inflammation. The MCP-1 is an important chemokine that can regulate the migration and infiltration of monocytes/macrophages [10] .
Tumor necrosis factor
Tumor necrosis factor is a cytokine involved in systemic inflammation and making up the acute-phase reaction. It is produced by activated macrophages, CD4+ lymphocytes, NK cells, neutrophils, mast cells, eosinophils and neurons. The main role of TNF is regulating inflammatory and immune responses by the regulation of immune cells.
Effects of prebiotics on cytokines
As the focusing point of the present review, in this section, we tried to summarize the findings of studies that investigated effects of different prebiotics on expression of cytokines.
In the literature, the effect of prebiotics on expression of IL-1 is not consistent. A prebiotic combination of inulin and oligofructose in the drinking water of rats significantly decreased the expression of cecal proinflammatory IL-1β [17] . This effect of prebiotic was also reported by other scientists [5, 16, 47] . In contrast, expression of IL-1β gene was up-regulated in the probiotics/prebiotics-treated macaques [25] . Many studies showed that prebiotic OSCs mainly change the expression of IL-1β although only few reports showed the effects of prebiotics on IL-1α [5] .
Vulevic et al. [47] studied the effect of a mixture of GOS (galactans) on the immune function of healthy elderly volunteers. They found that consumption of the galactans (5.5 g/d) for 10 weeks increased the production of antiinflammatory cytokine IL-10, while reducing production of proinflammatory cytokines IL-1, IL-6 and TNF-α. Lecerf et al. [29] reported that supplementation with inulin and XOS for 4 weeks in healthy volunteers reduced the expression of IL-1β, IL-8, IL-12 and TNF-α, but increased IL-13 and IL-10 expressions in the blood. In another study on humans [8] , oligofructose-enriched inulin was compared with maltodextrin and caused a significant decrease in the levels of IL-6, TNF-α and plasma LPS as compared with maltodextrin. Decreases in levels of IFN-γ and highsensitivity C-reactive protein and an increase in the level of IL-10 were not significant in the oligofructose-enriched inulin group as compared to the maltodextrin group. In a study by Furrie et al. [13] , a synbiotic containing Bifidobacterium longum and a inulin-oligofructose prebiotic was used to investigate its effects on ulcerative colitis (UC, an acute and chronic inflammatory disease of the large bowel).
In the test group receiving synbiotic, there were significant reductions in mRNA levels of human beta defensins 2, 3 and 4, which are strongly up-regulated in active UC. The levels of proinflammatory cytokines TNF-α and IL-1α, which induce defensin expression, were also reduced in the test group, especially the IL-1α cytokine, which its concentration returned to the levels found in normal healthy tissues. In another study on patients with UC by Faghfoori et al. [12] , levels of TNF-α, IL-6 and IL-8 decreased in the group receiving germinated barley foodstuff (a prebiotic consisting insoluble glutamine-rich protein and dietary fiber), compared with the control group. For IL-6 and IL-8, this reduction was significant. In a study on mice, animals receiving prebiotic showed a lower plasma LPS, cytokines (IL-1a, IL-1b, TNF-α, MCP-1, MIP-1α, INF-γ, IL-6, IL-10, IL-18 and IL-15), and also a reduced hepatic expression of inflammatory and oxidative stress markers [5] . Mice receiving FOS and inulin showed an improved response to Salmonella vaccine. The splenic cell cultures at the first week post-immunization revealed an enhancement in the production of cytokines, such as IFN-γ, IL-12 and TNF-α, and also Salmonella-specific blood IgG and fecal IgA. Hence, the prebiotic mixture stimulated the mucosal immunity toward having an improved response to the Salmonella vaccine [44] . Hosono et al. [19] reported that the secretion of IgA by PP cells of mice received FOS was up-regulated in response to FOS by a dose-dependent pattern, and CD4+ T cells from PP had a dose-dependent enhancement in production of anti-inflammatory cytokines IFN-γ and IL-10 and a high response in production of IL-5 and IL-6. Consuming the prebiotic raffinose by mice increased IL-12 production in PP [35] , which, in turn, can enhance IFN production in PP [30] . Roller et al. [40] found enhancement in the production of IL-10 in PP by prebiotic (inulin enriched with oligofructose) supplementation in the diet of rats. They also found a strong correlation between the concentrations of IFN and IL-10. Since in PP, IFN and IL-10 are primarily produced by Th1 (for the IFN) and Th2/T-regulatory lymphocytes and dendritic cells (for the IL-10), they concluded that the prebiotic simultaneously activated different T-lymphocyte subpopulations and/or dendritic cells. In another study by Hoentjen et al. [18] , an inulin/oligofructose combination reduced colitis in transgenic rats, which was associated with alteration of gut microbiota, decrease in tissue proinflammatory cytokines, like IL-1β and IFN-γ, increase in cecal TGF-β and increase in immunomodulatory molecules.
In an investigation by Rodríguez et al. [39] , inflamed colonic tissue in untreated colitis rats showed increased expressions of the MCP-1, CINC-1 and ICAM-1 in comparison with healthy rats, and the FOS clearly down-regulated these mediators. In one of our previous studies on rats (to be published data), in which no inflammation-induced compound was used, expression of MCP-1 and ICAM-1 genes significantly reduced in the intestine of prebiotic (containing OligoPKC)-treated rats, and prebiotic had no effect on expression of CINC-1 gene.
Several cytokines are known for promoting tightjunction disruption in the gut. Gut permeability is controlled by several specific tight-junction proteins. Among these, zonula occluden-1 (ZO-1) and occludin have been suggested to be the key markers of tight-junction integrity. In a study by Cani et al. [5] , prebiotic oligofructose enhanced ZO-1 and occludin mRNA in the jejunum of mice. Animals receiving prebiotic showed lower plasma concentrations of some of cytokines known for promoting tight-junction disruption, such as TNF-α, IL-1b, IL-1α, IL-6 and IFN-γ. Moreover, a significant reduction in the chemokines MCP-1 and macrophage inflammatory protein (MIP)-1α was observed. There was also a positive correlation between intestinal proglucagon and tight-junction proteins mRNA (ZO-1, occludin). Hence, they suggested that the expression of prebiotic-induced intestinal proglucagon mRNA and the consequent glucagon-like peptide (GLP)-2 production may positively affect the gut barrier integrity.
In broilers, dietary supplementation with oligochitosan (derived from chitin) increased the expression of IL-1β and IL-6 in the lymphocyte. Chitosan oligosaccharides supplementation also increased serum concentrations of IgG, IgA and IgM compared with broilers fed the control and the positive control diets [20] .
In pigs, up to 8.5 g/L polydextrose supplementation decreased the expression of TNF-α, IL-8 and IL-1β. Feeding 1.7 and 17 g/L polydextrose increased the IL-10 levels compared to the 0 g/L polydextrose. Base on the finding, the level of prebiotic supplementation is an important factor to simulate the expression of genes in the animal tissues [16] .
In an in vitro study by Badia et al. [1] , βGM (β-galactomannan prebiotic) was compared to Saccharomyces cerevisiae var. Boulardii, a proven probiotic, for its effects against Salmonella enterica serovar Typhimurium. They indicated that βGM has a higher ability than the probiotic in inhibiting Salmonella-induced inflammatory and IL-8 [12] mRNA of TNF-α, IL-1, IL-6, IL-8, granulocyte macrophage colony-stimulating factor (GM-CSF), MCP-1 and MIP-3α on porcine IPI-2I cell line. In addition, the prebiotic βGM was compared to Saccharomyces cerevisiae var. Boulardii for its effects against enterotoxigenic E. Coli [2] . It showed similar effects as the probiotic by decreasing the mRNA enterotoxigenic E. coli-induced gene expression of TNF-α, IL-6, IL8, GM-CSF, MCP-1 and MIP3α on intestinal IPI-2I cells.
The findings of the above-mentioned studies are presented in Table 3 and sorted in ascending order based on the year of publication.
Conclusion
Generally, many studies on different hosts/cell cultures showed beneficial effects of prebiotics on the function of immune system, by regulating the expression of pro-and anti-inflammatory cytokines. However, most of available researches mainly considered the indirect effects of prebiotics on immune system, in which prebiotics improve the immune function through increasing the population of beneficial gut microbes, while reducing pathogens. On the other hand, only few studies and little information are available on the direct action of prebiotics toward improving the host immunity. It is important that the direct immunomodulatory effects of prebiotics be further studied using prebiotics with different degree of polymerization in different hosts. Table 3 
